Under current guidelines, hepatitis C virus (HCV)-positive livers are not transplanted into HCV-negative recipients because of adverse posttransplant outcomes associated with allograft HCV infection. However, HCV can now be cured post-LT (liver transplant) using direct-acting antivirals (DAAs) with >90% success; therefore, HCV-negative patients on the LT waiting list may benefit from accepting HCV-positive organs with preemptive treatment. Our objective was to evaluate whether and in which HCV-negative patients the potential benefit of accepting an HCV-positive (i.e., viremic) organ outweighed the risks associated with HCV allograft infection. We developed a Markov-based mathematical model that simulated a virtual trial of HCV-negative patients on the LT waiting list to compare long-term outcomes in patients: (1) willing to accept any (HCVnegative or HCV-positive) liver versus (2) those willing to accept only HCV-negative livers. Patients receiving HCV-positive livers were treated preemptively with 12 weeks of DAA therapy and had a higher risk of graft failure than those receiving HCVnegative livers. The model incorporated data from published studies and the United Network for Organ Sharing (UNOS). We found that accepting any liver regardless of HCV status versus accepting only HCV-negative livers resulted in an increase in life expectancy when Model for End-Stage Liver Disease (MELD) was 20, and the benefit was highest at MELD 28 (0.172 additional life-years). The magnitude of clinical benefit was greater in UNOS regions with higher HCV-positive donor organ rates, that is, Regions 1, 2, 3, 10, and 11. Sensitivity analysis demonstrated that model outcomes were robust. Conclusion: Transplanting HCV-positive livers into HCV-negative patients with preemptive DAA therapy could improve patient survival on the LT waiting list. Our analysis can help inform clinical trials and minimize patient harm. (HEPATOLOGY 2018;67:2085-2095.
I
n the United States, the prevalence of patients with complications of cirrhosis in need of transplantation has continued to rise, while the number of annual liver transplants (LTs) performed has remained unchanged over the last decade.
(1) Donor liver availability continues to be the limiting factor. As this definite shortage of transplant viable organs in the United States persists, it is of paramount importance that all transplantable organs are utilized to their maximum potential. (2) Hepatitis C virus (HCV)-positive organs have been used successfully for LT into HCV-positive recipients for years without an increase in all-cause graft loss or mortality. (3, 4) An advantage of using HCV-positive livers is a potential decrease in wait time and waitlist mortality. A disadvantage of using HCV-positive livers is the possibility of accelerated decompensation in those patients who are unable to complete HCV therapy and achieve sustained virological response (SVR) following transplantation. (5) (6) (7) Historically, with the use of pegylated interferon-based HCV treatment regimens, SVR rates were low (in the 20%-30% range), in large measure the result of significant side effects leading to high discontinuation rates. (8, 9) With the advent of well-tolerated, oral direct-acting antivirals (DAAs), HCV can now be treated with high success rates (SVR greater than 90%) post-LT, which is associated with fibrosis stabilization or regression and improved graft survival. (10, 11) As a result, we are now beginning to see an increase in the utilization of HCV-positive donor organs in the era of DAA therapy. (3) The supply of HCV-positive organs has increased in the recent years because of the rise of opioid epidemic; persons who inject drugs are now the fastest-growing category of donor. (2) Despite this, it is not uncommon for HCV-positive donor livers to be rejected for transplantation and subsequently discarded; this can happen for a variety of reasons, including the lack of an HCVpositive recipient on the waiting list. Current guidelines do not recommend the use of these HCVpositive livers for transplantation into HCV-negative recipients. One of the primary reasons continues to be the risk associated with liver allograft HCV infection, including the possible increased rates of rapidly progressive HCV-related disease. However, although there are limited data on the use of DAAs in this context, it is postulated that they would continue to demonstrate excellent efficacy and have the potential to play an important role in curtailing the current discard rates for HCV-positive donor livers. (12, 13) Several ongoing studies are evaluating DAA use in transplantation, (14, 15) and future recommendations may involve more routine consideration of HCV-nucleic acid-positive donor organs into HCV-negative recipients with preemptive antiviral treatment (AVT) with DAAs. (2) As the burden on the LT waiting list shifts from HCV to nonalcoholic steatohepatitis and alcoholic liver disease, (16) (17) (18) it has become even more important to consider such changes in transplant practice. A number of these HCV-negative patients on the LT waiting list may benefit from accepting HCV-positive donor organs and receiving treatment with DAAs. Particularly, accepting HCV-positive organs could reduce patients' time to transplant and waitlist-associated mortality; however, it could also increase potential post-LT complications associated with HCV allograft infection. Approximately 5% may fail to achieve SVR with initial treatment and be at risk of developing severe cholestatic hepatitis or chronic progressive HCV leading to the need for retransplantation.
Ideally, a randomized, controlled trial would inform such trade-offs. However, such a trial will be prohibitively large, time-consuming, or even unethical in some cases. (2) In such situations, outcomes from mathematical modeling can inform clinical decision making as well as future trial design to reduce any potential harm to patients. (19) (20) (21) (22) (23) Our objective was to evaluate this clinical question and determine whether and in which HCV-negative patients (based on their Model for End-Stage Liver Disease [MELD] score) the potential benefit of accepting an HCV-positive (nucleic acid test positive) organ with preemptive DAA therapy would outweigh the risks associated with HCV allograft infection by using decisionanalytic modeling. Preemptive treatment in our analysis was defined as AVT at the time of or shortly after LT (i.e., administered within the days to weeks following transplant).
Patients and Methods

MODEL OVERVIEW
We used and modified a previously validated Markov-based mathematical model, SIM-LT (Simulation of Liver Transplant Candidates), to perform our analysis. (24, 25) The SIM-LT model was revised for this study to simulate a virtual trial of HCV-negative patients on the LT waiting list to compare long-term outcomes in patients willing to accept only HCVnegative livers versus those willing to accept any, that is, HCV-negative or HCV-positive, livers. Patients receiving HCV-positive livers were treated preemptively after LT with 12 weeks of DAA therapy. We utilized data from published studies and the United Network for Organ Sharing (UNOS). The model's outcomes were validated with the reported outcomes of the Organ Procurement and Transplantation Network (OPTN) data. SIM-LT was developed in the Java programming language.
BASELINE POPULATION
We created multiple cohorts of HCV-negative decompensated patients with cirrhosis (without hepatocellular carcinoma) who were listed on the LT waiting list. At baseline, patients had MELD scores between 12 and 40 and a mean age of 50.
SIM-LT WAITING LIST
We simulated the natural history of patients on the LT waiting list. Patients' MELD scores could change as they waited for an acceptable liver for transplant. We used a published study based on UNOS data to estimate weekly increase or decrease in MELD score, that is, the natural course of the disease. (20, 26) Specifically, data from 1,997 HCV-infected patients on the LT waiting list from UNOS were used to create cubic splines of bilirubin, creatinine, albumin level, and prothrombin time for each patient. The splines were then sampled at regular intervals to obtain a complete longitudinal history of each patient over time. Data were aggregated in groups of paired consecutive MELD scores starting with 12-13, 14-15, etc. We also estimated mortality on the waiting list depending on the MELD score from the same data source (Supporting Table S1 ). Based on patients' MELD scores, they could undergo LT, remain on the waiting list, or die because of liver-related or background mortality.
INTERVENTIONS
For each patient on the LT waiting list, we simulated and compared the long-term outcomes under two scenarios: (1) accept only HCV-negative livers, the current practice, and (2) accept any liver, HCV negative or HCV positive, with a plan to initiate preemptive DAA therapy in patients receiving an HCVpositive organ.
In the "accept only HCV-negative livers" scenario, patients' likelihood of receiving an organ was dependent on their MELD score (Fig. 1) . We used a published study to estimate weekly probability of receiving an LT based on patient's MELD score (27) (Supporting Table S2 ). After a successful transplant, patients moved to post-LT (nonviremic) health state. Patients could experience graft failure any time after LT. If a patient had acute-graft failure, that is, in the first 2 weeks of LT, he or she was placed at the top of the waiting list and made eligible for retransplantation. We assigned the average probability of LT and liverrelated mortality to these patients, which were estimated from UNOS data. (24) At any time, these patients could die from liver-related mortality as well as background mortality.
In the "accept any liver" scenario, patients were willing to receiving the offered liver irrespective of the HCV-infection status-positive or negative. As a result, their likelihood of receiving a liver was higher than if they were not open to accepting an HCVpositive liver-we therefore increased the rate of receiving a liver by 5.9%, (28) which corresponds to the proportion of HCV-infected livers among all liver donors in the United States. In the sensitivity analysis, we varied this percentage using a wide range of 2.9%-26.7%, corresponding to the lowest and highest HCVpositive organ rates observed in different UNOS regions. (29) If a patient received an HCV-negative liver, he or she followed the path described in the above scenario (Fig. 1) . If a patient received an HCVpositive liver, preemptive antiviral treatment with a DAA was initiated. We incorporated data from recent trials and used the SVR rates of sofosbuvir and ledipasvir plus ribavirin for 12 weeks in post-LT patients (Table 1) . (11, (30) (31) (32) Though we used the outcomes of sofosbuvir-based therapy, our analysis is not limited to any specific regimen and can be applied to other regimens that are currently used or will be approved in the near future for treatment of post-LT patients. We conducted a sensitivity analysis on a wide range of SVR rates. We assumed that patients receiving an HCVpositive liver could have a higher risk of graft failure within 3 months of LT as compared to those receiving an HCV-negative liver, and therefore we increased the probability of graft failure by a hazard ratio of 1.44 (range, 1.08-1.80). (33) After graft failure, patients were eligible for retransplantation and placed back on the LT waitlist.
If patients received an HCV-positive liver, the post-LT status was determined by their response to AVTongoing viremia or achievement of SVR. If patients cleared the virus, they moved to the post-LT (SVR) state (Fig. 1) ; otherwise, they were given salvage therapy-the SVR rate was assumed to be the same as with preemptive therapy. If patients failed to achieve SVR after salvage therapy, they were assumed to have chronic HCV and followed the natural progression of the disease.
HEALTH-RELATED QUALITY OF LIFE
For each health state in our model, we also assigned health-related quality-of-life (QoL) weights, with 0 denoting death and 1 denoting perfect health, and adjusted them with age and sex. We derived EuroQol-5D instrument (Rotterdam, Netherlands) values from a previous study and adjusted them to the U.S. population norm (Supporting Table S3 ). (34) (35) (36) 
OUTCOMES
We projected life-years and quality adjusted lifeyears (QALYs) for each MELD score (aggregated in groups of two) for both scenarios and estimated increase, or decrease, in life expectancy if patients were open to accepting any liver versus accepting only HCV-negative livers. We further projected these outcomes separately for each of the 11 UNOS regions. For that purpose, we adjusted the likelihood of LT and mortality on the waiting list for each UNOS region using region-specific transplantation and death rates (Supporting Table S4 ). We also incorporated differential HCV-positive organ rates within each region (Supporting Table S5 ) and further adjusted the increased likelihood of getting a transplant when patients were open to accepting any liver. Specific details are provided in Supporting Section S1. We also performed one-way sensitivity analysis to determine which parameters had the most impact on the model outcomes.
We validated our model's predicted post-LT survival with 1-, 3-, and 5-year survival rates reported by OPTN data (Supporting Fig. S1 ). Survival rates predicted by our model matched well with reported data. Figure 2 shows change in life-years for patients on the LT waiting list when they are willing to accept an HCV-positive liver versus waiting for only HCVnegative livers. The clinical benefits were dependent on the MELD scores at which patients were willing to accept an HCV-positive liver. We found that patients would benefit from accepting an HCV-positive liver at MELD score 20 and beyond. In these patients, the increased risks associated with potential HCV allograft infection were offset by the benefit of receiving an LT sooner. The highest benefit was obtained when patients accept an HCV-positive liver at MELD 28-patients willing to accept any liver at MELD 28 gained 0.172 additional life-years. In patients with MELD below 20, the risk of HCV allograft infection was not offset by the benefits of receiving LT sooner; instead of accepting an HCV-positive liver, they would be better off waiting for an HCV-negative liver until their MELD score increased to at least 20. Supporting Table S6 shows the expected life-years for patients willing to accept an HCV-positive liver versus waiting for only HCV-negative livers. When we accounted for QoL of patients in the model, the outcomes and conclusions did not change (Supporting Fig. S2 ).
Results
BENEFITS OF ACCEPTING AN HCV-POSITIVE LIVER
ANALYSIS BY UNOS REGIONS
We further analyzed the results for each UNOS region to account for regional differences in HCVpositive donor organ rates and time spent on the LT waiting list. We observed that patients would benefit from accepting an HCV-positive liver at MELD 20 and beyond, irrespective of the UNOS region (Fig. 3) , although the magnitude of benefits varied by region. Furthermore, the magnitude of clinical benefit was proportional to the region-specific HCV-positive donor organ rates-highest in regions having a larger number of HCV-positive donor organs (Fig. 4) . For instance, a patient having MELD 28 in Region 1, which has one of the highest HCV-positive organ rate, would gain 0.36 life-years if he or she is willing to accept HCV-positive liver, whereas the corresponding gain in life-years would be 0.10 in Region 7, which has the lowest HCV-positive organ rate.
SENSITIVITY AND SCENARIO ANALYSES
We analyzed our model outcomes for each blood type to account for donor eligibility in different blood types. We found that though the clinical benefit in each MELD score was variable by blood type, the MELD threshold to accept any liver remained the same in all blood types, that is, MELD 20 (Supporting Fig. S3 ). We further analyzed the results by incorporating the effect of Regional Share 35 policy. For that purpose, we increased the transplant rates of patients having MELD 35 by 11.8% and decreased the rates in patients having MELD <35. (37) We found that the Regional Share 35 rule did not change our results-HCV-negative patients with MELD 20 would still benefit from willing to accept HCV-positive liver (Supporting Fig. S4 ). We also conducted an additional analysis to evaluate the impact of the recently reported HCV-positive organ rate of 26.7% observed in Ohio, which belongs to UNOS Region 10. (29) We found that though the clinical benefit increased for national as well as Region 10 results, the MELD threshold above which a patient is willing to accept HCVpositive livers did not change, that is, MELD 20 (Supporting Figs. S5 and S6) .
We conducted deterministic or one-way sensitivity analysis to determine the parameters that have the highest impact on our model's primary outcome, that is, change in life-years under the two scenarios. Because MELD 20 was the cut-off score for accepting any liver and MELD 28 had the highest clinical benefit, we conducted one-way sensitivity analyses on these scores. Supporting Tables S7 and S8 show all model parameters in a decreasing order based on their impact on change in life-years at MELD scores 20 and 28. The 10 parameters that the model results are most sensitive to are shown in the tornado diagrams (Fig. 5) . We found that the HCV-positive donor organ rate had the highest impact on change in life-years; however, change in life-years always remained positiveimplying that patients would still benefit from accepting an HCV-positive liver regardless of the variability in parameter values.
FIG. 4.
Regional results showing the correlation between HCV-positive organ rate and the health benefits within a UNOS region. The magnitude of clinical benefit was proportional to the HCV-positive organ rates of the region-larger in regions having higher HCV-positive organ rates including Regions 1, 2, 3, 10, and 11. Abbreviation: R1-11, UNOS Regions 1-11.
Discussion
As the shortage of transplant viable organs in the United States persists, it is of paramount importance that all transplantable organs are utilized to their maximum potential. With the advent of DAAs, it may now be time to consider the use of HCV-positive organs for transplantation into HCV-negative recipients. In this modeling-based study, we found that HCV-negative patients awaiting LT with MELD scores 20 and above may benefit from the clinical practice of accepting an HCV-positive liver. In this population, the risks associated with HCV allograft infection are offset by the benefits of receiving earlier transplantation. The benefits were highest for patients having a MELD score of 28, and for patients in UNOS regions having higher HCV-positive donor organ rates including Regions 1, 2, 3, 10, and 11. Given that a large number of patients awaiting LT in the United States have MELD scores greater than 20, a change in practice toward a willingness to accept HCV-positive livers would benefit the majority of the waitlist population.
Though DAAs have been shown to be highly effective in successfully treating HCV in the posttransplant setting when used in HCV-positive patients receiving HCV-positive livers, no such data exist on their use in HCV-negative patients receiving HCV-positive livers. Although published clinical trials are still needed to confirm DAA efficacy in preemptively treating HCVnegative patients accepting viremic livers, recruitment and early case reports are actively ongoing. Encouragingly, two recent clinical trials in renal transplantation demonstrated that HCV-negative patients who received HCV-positive kidneys were successfully treated with 100% SVR rates. (38, 39) After investigations confirm DAA efficacy in the LT setting, we anticipate the potential addition of HCV-positive (i.e., viremic) livers to the routine "extended donor criteria" discussed with patients at the time of transplant listing. In our study, by simulating a virtual trial using computer modeling, we sought to identify which patients may benefit most from a willingness to accept HCVpositive livers. The results of our modeling-based analysis can thus inform efficient design of future trials and clinical practice in LT.
It is important to note that our analysis is not drugregimen specific nor does it impose specific restrictions on treatment groups, including those with renal failure and nongenotype 1 infection. It is, in essence, SVR specific. It was developed using SVR data from trials on ledipasvir/sofosbuvir for treatment of patients who develop recurrent HCV post-LT (i.e., HCV-positive to HCV-positive LT recipients), but model conclusions hold true for alternative DAA regimens as long as the SVR rates continue to fall within the range of our sensitivity analysis. We recognize that clinically there is clearly an important decision to be made around (1) what DAA to choose (e.g., pan-genotypic regimen may be preferred in some settings) and (2) the administration timing for a given therapy, but with our current model that treatment plan can be left to clinician discretion.
There are some caveats to the generalizability of the model results. There are several factors, such as refractory complications of portal hypertension, that determine a patient's urgency for LT that are not reflected in MELD alone. These subsets of patients may experience significant morbidity and higher mortality at lower MELD scores than the more general LT waitlist population. As such, the benefit of decreased wait time may outweigh the risks of accepting an HCV-positive organ at MELD values lower than 20 in these patient populations. This helps highlight an important discussion point-although the results of this model can help guide shared patient-physician clinical decision making, it is not meant for use as a stand-alone algorithm for all LT waitlist patients. Instead, it should be used as a tool to help inform individual patient management. Patients who are risk averse may wait until their MELD is 28 before choosing to accept an HCVpositive organ, or determine that they only want to accept HCV-negative organs irrespective of MELD score. Alternatively, there may be patients who are willing to take on the increased risk of accepting an HCV-positive organ at lower MELD scores if it results in a decrease in wait time. These continue to remain personal choices that can be incorporated into a patient's LT listing preferences through an informed decision-making process.
Though our study provides empirical evidence on the benefits of transplanting HCV-positive livers to HCV-negative recipients on the LT waiting list, further data are needed on the cost-effectiveness of preemptive HCV treatment in HCV-negative recipients receiving HCV-positive livers. Second, clinical studies are needed to determine the optimal duration of DAA therapy-12 weeks or shorter, in transplant recipients. (32) Third, changes in reimbursement structure may be needed to successfully implement transplantation of HCV-positive livers to HCV-negative recipients. Finally, further analyses are required to evaluate the trade-offs of accepting HCV-positive livers for transplant into HCV-negative recipients in other countries.
Our study also has a number of limitations. First, we assumed that the efficacy of preemptive treatment with DAAs would be similar to what is observed in HCVpositive patients who received an HCV-positive LT. We do not have real-world data on DAA use in this specific setting; however, there is no reason to believe that the efficacy of DAAs would be lower in HCVnegative treatment-na€ ıve recipients as compared with HCV-positive recipients. We addressed this limitation by conducting sensitivity analysis on SVR rates. Second, long-term data on transplant recipients who achieved SVR are extremely limited, especially when considering different MELD groups. Third, our analysis did not include decompensated patients with cirrhosis with HCC. Such patients will have a different natural history of the disease and should be best evaluated in a separate analysis. Finally, we did not factor in post-LT mortality rates by MELD score.
Despite these limitations, our study provides empirical data on the benefits and harms of transplanting HCV-positive livers in HCV-negative recipients. It is important that further research in this area continues, because we expect that the supply of HCV-positive organs may continue to increase in light of the growing opioid epidemic, while the number of HCV-positive patients on the LT waitlist decreases with the use of DAAs. (2) Growing evidence on the successful use of HCV-positive organs into HCV-negative recipients can help ensure we utilize all organs to their maximum potential and curtail the HCV-positive donor organ discard rate.
Transplanting HCV-positive livers into HCVnegative patients receiving preemptive DAA therapy could be a viable option for improving patient survival on the LT waiting list, especially in UNOS regions with high HCV-positive donor organ rates. Patients with MELD 20 benefit from a willingness to accept an HCV-positive liver, with the greatest benefit observed at a MELD score of 28. Clinical data are needed to confirm the efficacy of DAA therapy in this setting, and our analysis can help inform future trials and minimize patient harm by recognizing the LT waitlist populations that may benefit most from accepting HCV-positive donor organs.
